HTLV-1 Tax oncoprotein interacts with various cellular factors and modulates transcription and the cell cycle. To identify more cellular targets, we employed the yeast two hybrid system with Tax using a human cDNA library, and isolated a cDNA encoding the human counterpart of Drosophila discs large tumor suppressor protein, hDLG. Tax binding to hDLG was con®rmed in vitro and also in HTLV-1-infected T-cells. Furthermore, hDLG was found to be eciently phosphorylated in Taxtransfected cells and HTLV-1-infected T-cells. The Cterminus of Tax and the PDZ domain of hDLG were responsible for the binding of Tax to hDLG. The Cterminal peptide of Tax prevented the binding of hDLG to APC tumor suppressor gene product, suggesting inhibition of hDLG function by Tax. Over-expression of hDLG in NIH3T3 cells by microinjection induced a reduction of BrdU incorporation into DNA, but coexpression of Tax suppressed this inhibitory eect of hDLG. These results suggest that hDLG arrested the cell cycle and that Tax canceled this inhibitory action of hDLG through targeting hDLG. Therefore, Tax aects this novel regulatory pathway of the cell cycle alteration, of which seems to play a role in the development of human cancer.
Introduction
Human T-cell leukaemia virus type 1 (HTLV-1) is an aetiological agent of adult T-cell leukaemia (ATL) (Poeisz et al., 1980; Yoshida et al., 1982) . An HTLV-1-encoded protein, Tax, is considered to be a key regulator which contributes to the development of ATL, since it has immortalizing, transforming and oncogenic capacities (Grassmann et al., 1992; Grossman et al., 1995; Nerenberg et al., 1987; Yamaoka et al., 1996; Yoshida, 1993) . Tax has been shown to be a global regulator of cellular processes such as transcription and the cell cycle. Tax is able to activate or repress a wide variety of cellular genes through distinct promoter sequences (Yoshida, 1995) . The interactions of Tax and speci®c cellular factors have been shown to play critical roles in Tax-mediated transcriptional regulation. The direct targets for Tax to regulate speci®c transcription include CREB, NF-kB, SRF, IkB and CBP/p300 (Bex et al., 1998; Fujii et al., 1992; Hirai et al., 1994; Kwok et al., 1996; Suzuki et al., 1993 Suzuki et al., , 1994 Suzuki et al., , 1995 Zhao and Giam, 1992) . To activate transcription of the viral 21-bp enhancer, for example, Tax interacts with CREB and recruits coactivator CBP onto enhancer DNA without phosphorylation of CREB (Giebler et al., 1997; Harrod et al., 1998; Kwok et al., 1996) . Thus, Tax binding to CREB and CBP would be able to bypass normal transcriptional control.
In addition to transcriptional regulation, Tax modi®es the cell cycle, by aecting inhibitors for cyclin-dependent kinases (CDK). Tax binds to and inactivates p16ink4a protein, which belongs to the INK4 family of CDK inhibitors (Suzuki et al., 1996) , thus resulting in activation of CDK4. This eect of Tax relieves cells from p16ink4a-induced growth arrest. These observations suggest direct involvement of Tax in cell cycle regulation. Another group also showed that Tax binds to other cellular components such as HsMAD1 protein, the human counterpart of yeast mitotic checkpoint protein, and abrogates its function, possibly leading to karyotypic abnormalities (Jin et al., 1998) . Tax was also demonstrated to interact with HsN3, a component of proteasome , and human int-6 gene product , although the physiological eects of these interactions are not clearly de®ned.
Recently, Tax has been reported to bind to several proteins containing PDZ domains (Rousset et al., 1998) . This domain was originally identi®ed as repeated sequences conserved in three proteins, postsynaptic density protein PSD-95, Drosophila discs large protein DLG (Woods and Bryant, 1991) and epithelial tight junction protein ZO-1, and is proposed to function as a motif for protein ± protein interaction (Fanning and Anderson, 1996; Ponting et al., 1997) . For interaction with the PDZ domain, a C-terminal S/ TXV motif is required in the partner molecules (Doyle et al., 1996; Kornau et al., 1995; Songyang et al., 1997) . Several viral oncoproteins including E4 9ORF1 protein of adenovirus, E6 protein of high risk HPV and Tax protein of HTLV-1 share this binding motif and were shown to bind to the human homologue of DLG (hDLG) (Kiyono et al., 1997; Lee et al., 1997) . However, the physiological eects of Tax binding to hDLG or PDZ domain-containing proteins remain to be clari®ed.
During screening for cellular proteins interacting with Tax using yeast two hybrid method, we identi®ed a cDNA encoding hDLG, con®rming the previous report (Lee et al., 1997) . Since hDLG is a tumor suppressor protein in Drosophila (Lue et al., 1994; Woods and Bryant, 1991) and was reported to interact with tumor suppressor protein APC (Matsumine et al., 1996) , we were interested in hDLG protein as an eective target for Tax to induce growth abnormality. Here we demonstrate that the complex of Tax and hDLG is present in HTLV-1-infected T-cells and that Tax binding to hDLG might interfere with the complex formation of hDLG and APC. Furthermore, Tax was demonstrated to suppress hDLG-induced cell cycle arrest. These results suggest that Tax abrogates the cell cycle regulatory function of hDLG possibly through APC, leading to deregulation of growth of HTLV-1-infected T-cells.
Results

Identi®cation of hDLG as a Tax binding protein
To identify more cellular targets of Tax, the yeast strain expressing Tax fused to the DNA binding domain of GAL4 was transformed with a human cDNA library fused to the transcriptional activation domain of GAL4. After screening of 1610 6 transformants, about one hundred clones that gave positive signals were characterized by DNA sequencing. Among them, we identi®ed clones encoding a truncated form of the human homologue of Drosophila discs large protein, hDLG (Lue et al., 1994) .
To con®rm the speci®c interaction between Tax and full-length hDLG protein in vitro, a fusion protein of Tax with glutathione-S-transferase (GST) was produced in E. coli and the binding to 35 S-methioninelabeled hDLG protein, which was produced in rabbit reticulocyte lysate, was analysed. GST-Tax was adsorbed on glutathione-Sepharose beads, incubated with hDLG, and then the protein complexes were isolated by centrifugation. The bound protein was analysed on SDS-polyacrylamide gel followed by autoradiography. hDLG protein was detected in the complexes with GST-Tax, but not with GST alone (Figure 1a ), con®rming the previous report (Lee et al., 1997) . The hDLG mutant, in which GLGF motifs in the PDZ domain were mutated to GRRF, was not detected in the GST-Tax binding complex, suggesting that Tax binds to the PDZ domain of hDLG. Furthermore, addition of the C-terminal peptide of Tax into the reaction mixture inhibited the binding of GST-Tax to hDLG eciently, but unrelated control peptide had no eect (Figure 1b) . These results suggest that the C-terminus of Tax is the binding domain for hDLG, which contains the consensus sequence for binding to the PDZ domain (Lee et al., 1997; Rousset et al., 1998) .
Complex of Tax and hDLG in vivo
To demonstrate the Tax binding to hDLG in HTLV-1-infected T-cells, whole cell extracts of HTLV-1-infected T-cell lines, Hut102 and Hayai, and uninfected T-cell lines, Jurkat and CEM, were treated with anti-hDLG antibody. The immunoprecipitates were analysed by Western blotting with anti-Tax antibody for detection of Tax/hDLG complex. In the extracts of HTLV-1-infected T-cells, Tax protein was co-immunoprecipitated with hDLG, demonstrating Tax/hDLG complex in HTLV-1-infected T-cells (Figure 1c) .
During this study, we unexpectedly found that hDLG protein in HTLV-1-infected T-cells migrated signi®cantly slower in SDS-polyacrylamide gel than those in uninfected T-cells (Figure 1c) . To examine the biochemical basis for the slower migration, we analysed the eect of Tax expression on the mobility of hDLG protein in gel electrophoresis. As shown in Figure 2a , Tax induced slower migration of hDLG protein. To test whether this eect re¯ected phosphorylation of hDLG, the immune-complexes were treated with bacterial alkaline phosphatase (BAP), and subjected to SDS-gel electrophoresis. BAP treatment cancelled the eect of Tax on hDLG, resulting in the same mobility as the original form in the absence of Tax ( Figure 2a) . Furthermore, addition of phosphatase inhibitors blocked the eect of BAP treatment. These observations indicate that the slower mobility shift of hDLG re¯ected its phosphorylation induced by Tax expression. When the Tax mutant dTEV, which lacks the C-terminal three amino acid residues, was coexpressed with hDLG in the cells, hDLG neither 35 S-methionine-labeled hDLG protein of wild type (lanes 1 ± 3) or its mutant, hDLG-GRRF (lanes 4 ± 6), was produced by in vitro translation using rabbit reticulocyte lysate and mixed with beads containing 2 mg GST (lanes 2 and 5) or GST-Tax (lanes 3 and 6) for 2 h at 48C. The bound proteins were collected by centrifugation and analysed by SDS ± PAGE followed by autoradiography. Ten per cent equivalents of the input hDLG (lanes 1 and 4) are shown as a marker. (b) Competiton of Tax binding to hDLG with the Cterminal peptide of Tax. The C-terminal peptide of Tax (lanes 2 and 3) or control unrelated peptide (lanes 4 and 5) was included in the binding reaction described in (a). The molar ratios of each peptide to GST-Tax were 5 : 1 (lanes 2 and 4) and 25 : 1 (lanes 3 and 5). Lane 1 showed the control reaction without peptide. (c) Co-immunoprecipitation of Tax with hDLG. Cell lysates of uninfected T-cell lines (lanes 1 and 2) and HTLV-1-infected T-cell lines (lanes 3 and 4) were treated with anti-hDLG antibody and the immuno-precipitates were analysed by Western blotting with anti-hDLG (upper) or anti-Tax antibody (bottom) caused slower mobility shift nor formed a complex with TaxdTEV (Figure 2b ). These results suggest that Tax binding to hDLG is required for phosphorylation of hDLG observed in HTLV-1-infected T-cells.
Inhibition of hDLG/APC complex formation by Tax Cterminal peptide
Since hDLG was shown to bind APC tumor suppressor gene product (Matsumine et al., 1996) , the interaction of hDLG and APC is proposed to transfer a signal in which abnormality might lead to malignant cell growth. To examine whether Tax can aect the interaction between hDLG and APC, we ®rst demonstrated the binding of a GST fusion protein of the C-terminal portion of APC (APC C-369) to 35 Smethionine-labeled hDLG protein. As shown in Figure  3a (lane 4), hDLG protein was detected in the complexes with GST-APC C-369, but not with GST alone or GST-APC C-369dTSV, a mutant of APC lacking the C-terminus. This indicates that hDLG binds to the C-terminus of APC protein, which is consistent with a previous report (Matsumine et al., 1996) . The C-terminal peptide of Tax added into the reaction mixture competed with the binding of GST-APC C-369 to hDLG, but control peptide had no eect ( Figure 3b , lanes 2 ± 7). These results suggest that Tax inhibits the complex formation of hDLG and APC through binding to hDLG and possibly interferes with the function of hDLG in HTLV-1-infected cells.
Eect of Tax on hDLG-induced cell cycle arrest
To demonstrate the in¯uence of Tax binding to hDLG on cell growth, we examined the eect of overexpression of DLG and/or Tax on cellular uptake of BrdU. Expression vectors of hDLG and/or Tax were microinjected into serum-starved NIH3T3 cells and then cells were stimulated with serum. The cells successfully micro-injected were identi®ed by staining for hDLG, b-galactosidase or Tax protein, and cells that entered S phase were identi®ed by staining for BrdU incorporated into DNA. At least 100 cells were scored in each experiment and the percentage of BrdUpositive cells was counted among cells successfully injected with the indicated cDNAs. As shown in Table  1 , cells microinjected with hDLG expression vector incorporated BrdU much less frequently than the cells injected with b-galactosidase cDNA. This result indicates that hDLG inhibits the progression of cells from G0/G1 to S phase (T Akiyama, manuscript in preparation). However, co-injection of Tax expression vector with hDLG restored the frequency of BrdU positive cells to a signi®cant level, although it was not complete. Co-injection of the Tax mutant, Tax-dTEV, which cannot bind to hDLG, was unable to restore the frequency of the BrdU incorporation. Injection of Tax alone (Table 1) or Tax-dTEV alone (data not shown) had no eect on BrdU incorporation of the cells. These results suggest that Tax can overcome the inhibitory 1 and 3) or the mutant HA-Tax-dTEV (lane 2 and 4). The cell extracts were directly subjected to Western blotting (lanes 1 and 2) or treated with anti-hDLG (lanes 3 and 4) , and the immuno-precipitates were subjected to Western blotting with antihDLG (upper) or anti-HA antibody (bottom) Figure 3 Inhibition of binding of hDLG to APC by the Cterminal peptide of Tax and requirement of the C-terminus. (a) Eect of C-terminal mutation of APC on binding to hDLG. GST fusion protein containing the C-terminal portion of APC protein (APC-C369) was produced in E. coli, and 35 S-methionine-labeled wild type hDLG protein was produced in rabbit reticulocyte lysate. hDLG protein was incubated with beads containing 2 mg of GST (lane 2), GST-APC-dTSV (lane 3) and GST-APC-C369 (lane 4). The bound proteins were collected by centrifugation and analysed by SDS ± PAGE followed by autoradiography. Ten per cent equivalent of the input hDLG (lanes 1) is also shown. (b) Eect of C-terminal peptide of Tax. hDLG protein was incubated with beads containing 2 mg of GST-APC-C369 (lanes 1 ± 7) in the presence of C-terminal peptide of Tax (lanes 2 ± 4) or unrelated peptide (lanes 5 ± 7). The bound proteins were similarly analysed to the method in Figure 3a . The molar ratios of each peptide to GST-APC-C369 were 1 : 1 (lanes 2 and 5), 5 : 1 (lanes 3 and 6) and 25 : 1 (lanes 4 and 7) 
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Discussion
In this study, we demonstrated that Tax protein binds to hDLG, a human homologue of Drosophila tumor suppressor protein DLG, in HTLV-1-infected T-cells. Although in vitro binding of Tax to hDLG was previously described by another group (Lee et al., 1997) , its biological signi®cance has remained obscure. We demonstrated that Tax competes with the binding of hDLG and APC tumor suppressor protein and rescues cells from cell cycle arrest induced by hDLG. Therefore, Tax may contribute to unregulated proliferation of HTLV-1-infected T-cells by disturbing growth inhibitory signals through hDLG.
It has been reported that the PDZ domain of hDLG contacts the C-terminus of APC (Matsumine et al., 1996) . Since frequent mutations of APC found in sporadic and familial colon cancers resulted in Cterminal truncations of APC protein (Polakis, 1995) , it is conceivable that DLG/APC complex participates in a growth inhibitory signaling pathway. Consistently, over-expression of APC or hDLG was shown to block cell cycle progression from G0/G1 to S phase (Table 1 ) (Baeg et al., 1995) . Therefore, the disruption of hDLG/ APC complex by Tax might be implicated in the suppression of hDLG-induced cell cycle arrest.
Recently, Tax was reported to interact with the PDZ domains of several cellular proteins mainly through its C-terminus (Rousset et al., 1998) . However, an internal domain of Tax was also shown to contribute to the interaction in some cases of PDZ domain-containing proteins (Rousset et al., 1998) . In this study, we clearly demonstrated the requirement of the C-terminus of Tax for binding to hDLG, since the C-terminal peptide of Tax inhibited Tax binding to hDLG completely. Furthermore, a mutant of Tax, Tax-dTEV, which lacks the three C-terminal amino acid residues, did not bind to hDLG. The C-terminal sequence of Tax has not been recognized as a critical domain for Tax function thus far (Semmes and Jeang, 1992; Smith and Greene, 1990) . The Tax-dTEV retains the capacities for transcriptional activation and also for binding to p16ink4a, another target of Tax to promote cell cycle (data not shown). Therefore, the suppression of hDLG-induced cell cycle arrest by Tax can not be attributed to modulation of known regulatory capacities of Tax, but could be caused by the interaction of Tax with hDLG through its Cterminus. Thus, the present study sheds light on a novel role of Tax C-terminal domain in the deregulation of cell growth.
We also found that hDLG protein was phosphorylated in HTLV-1-infected T-cells and that the phosphorylation was dependent on Tax binding to hDLG. In normal cells, phosphorylation of hDLG was mainly observed in G2/M phase (T Akiyama, unpublished observation). However, the phosphorylation sites of hDLG and the eect of phosphorylation on hDLG function have not been characterized. Tax itself has no kinase activity: therefore, Tax might activate putative hDLG kinases and/or recruit them to hDLG. Determination of the kinases involved in phosphorylation of hDLG would provide a novel mechanism for Tax to aect normal cellular regulation.
The functions of the proteins containing PDZ domains have been characterized thus far in nonhaematopoetic cells such as epithelial cells. However, we found signi®cant expression of hDLG and its binding partner APC in HTLV-1-infected T-cells (data not shown), suggesting their functional role in Tlymphocytes. The signi®cance of hDLG in T-lymphocytes was suggested by Hanada et al., who showed that hDLG binds to LCK tyrosine kinase and recruits it to the Kv1.3 potassium channel (Hanada et al., 1997) . Tyrosine phosphorylation of the Kv1.3 channel by LCK induces inhibition of channel current, which leads to membrane depolarization, and consequently inhibits lymphocyte activation (Szabo et al., 1996) . Tax binding to hDLG in T-cells can be speculated to disturb these inhibitory signals and maintain T-cells competent for signal-dependent activation and proliferation. However, the importance of this pathway in HTLV-1-infected T-cells needs further characterization, since expression of lck gene was shown to be trans-repressed by Tax (Lemasson et al., 1997) .
In the present study, Tax protein of HTLV-1 was found to interact with and inactivate hDLG protein.
Other viral oncoproteins, E4 9ORF1 protein of adenovirus and E6 protein of high-risk HPV, were also reported to bind to hDLG (Kiyono et al., 1997; Lee et al., 1997) . Other cellular proteins such as pRb, p53 and CBP are also commonly targeted by several viral oncoproteins: adenovirus E1a, HPV E7 and SV40 large T bind to pRb to drive cell cycle progression, and E1b, E6 and large T bind to p53 to disrupt checkpoint machinery. On the other hand, E1a, large T and Tax bind to CBP and deregulate transcriptional control. These similarities in cellular target molecules of the viral oncoproteins support their signi®cant roles in induction of malignant transformation. Further investigation of the cellular targets of Tax oncoprotein will provide useful information to understand HTLV-1-and other virus-induced cellular transformation.
Materials and methods
Cells, plasmids and antibodies
Hut102 and Hayai are human T-cell lines infected with HTLV-1. Jurkatand CEM are human T-cell lines. These Tcell lines were maintained in RPMI-1640 supplemented with 10% fetal calf serum (FCS). 293T, an adenovirus-transformed human embryonic kidney cell line carrying SV40 large T antigen, was maintained in Dulbecco's modi®ed Eagle medium (DMEM) supplemented with 10% FCS. NIH3T3 cell line was maintained in DMEM supplemented with 10% calf serum.
For yeast two hybrid assay, Tax coding sequence was cloned into pGBT9 plasmid which expresses the GAL4 DNA binding domain (Clontech). We generated GST fusion proteins using pGEX plasmids containing Tax coding sequence, APC C-teminal coding sequence (APC-C369) or its mutant (APC-C369-dTSV) as described previously (Matsumine et al., 1996) . For in vitro translation of the protein in rabbit reticulocyte lysate (Promega), pBluescript plasmid containing full length hDLG coding region (pBShDLG) or its mutant (pBS-hDLG-GRRF), in which GLGF motifs were changed to GRRF in all the PDZ domains, was utilized. The expression plasmid for hDLG in mammalian cells was constructed by inserting the coding sequence into MluI site of the pMKIT vector. Tax mutant dTEV, which lacks the three C-terminal amino acid residues, was generated by polymerase chain reaction and cloned into pCG-HA expression vector (Suzuki et al., 1996) . Anti-hDLG antibody to the N-terminus of hDLG protein and anti-Tax antibody to the C-terminus of Tax protein were reported previously (Matsumine et al., 1996; Suzuki et al., 1993) .
Yeast two-hybrid screen Two-hybrid screen was performed with the yeast HF7c reporter strain (Clontech) including pGBT-Tax plasmid. Transformation of this strain by a library of human cDNA fused to GAL4 activation domain was performed by the lithium acetate method. The cDNA library fused to GAL4 domain was originated from human 293T cell line. After transformation, yeast cells were plated on synthetic medium lacking leucine, tryptophan and histidine and incubated at 308C for 5 days. A total of 1.0610 6 transformants were screened. About one hundred clones growing on selection plates were tested for b-galactosidase expression by the ®lter assay technique. Total yeast DNA was isolated from b-gal positive colonies and transformed into leuB-HB101 E. coli strain. The pGAD plasmids isolated from the recombinant colonies selected under minimal medium containing ampicillin were analysed by DNA sequencing and introduced into the HF7c yeast strain with pGBT9 or pGBT-Tax to eliminate false positives.
In vitro assay of complex formation
Each pGEX derivative was transformed into E. coli and the production of GST-fusion protein was induced by 1 mM IPTG. The cells were recovered by centrifugation (5000 g for 5 min) at 48C and lysed by sonication in a phosphatebuered saline (PBS) containing Triton X-100. The GST fusion protein was immobilized on glutathione-Sepharose 4B (Pharmacia) and mixed with in vitro translated 35 Smethionine-labeled hDLG protein (Promega) for 2 h at 48C. Then the bound proteins were analysed by SDS ± PAGE followed by autoradiography. In the case of competition assays, Tax C-terminal peptide (SEKHFRE-TEV) or unrelated peptide derived from the C-terminus of NF-kB p50 (EIKDKEEVQRKRQKL) was added to the binding reaction.
Immunoprecipitation and phosphatase treatment
293T cells were transfected with plasmids by the standard calcium phosphate precipitation procedure. Preparation of cell extracts and immunoprecipitation were essentially the same as described previously (Suzuki et al., 1996) . To detect protein complexes, the cell extracts were treated with antihDLG antibody, and the immunoprecipitates were separated in SDS-polyacrylamide gel followed by Western blotting. The ®lter was incubated with anti-Tax antibody and the bands were visualized with protein A-horseradish peroxidase conjugate using an enhancement chemi-luminescence detection kit (Amersham).
For phospatase treatment, the immunoprecipitates were suspended in 100 ml NETG buer (50 mM Tris-HCl, pH 7.5/ 150 mM NaCl/0.1% Nonidet P-40/1 mM EDTA/0.25% gelatin/0.02% sodium azide) and treated with 10 units of bacterial alkaline phosphatase (Takara) with or without phosphatase inhibitors (10 mM NaH 2 PO 4 /10 mM Na 3 VO 4 ) for 2 h at 308C. The samples were separated in SDSpolyacrylamide gel followed by Western blotting with antihDLG antibody. ), were cultured in DMEM containing 0.4% calf serum for 24 h and then microinjected with the expression plasmid for hDLG, Tax or b-galactosidase (50 mg DNA per ml). After incubation for 18 h in the same conditions, medium was replaced with fresh DMEM containing 10% calf serum and 50 mM BrdU, and the cells were incubated for another 18 h. Cells were ®xed in 3.7% formaldehyde in PBS for 30 min, treated with 100% methanol for 10 min and then treated with 2 N HCl for 10 min. hDLG protein or Tax proteins was detected with antibodies against hDLG or Tax and FITC-conjugated goat anti-rabbit IgG (Cappel). BrdU was detected with an antiBrdU monoclonal antibody BU-4 (Takara) followed by RITC-conjugated goat anti-mouse IgG (Cappel).
